Relative astrometry is presented for 198 observations of 160 double stars. The data were obtained at the 2.15 m telescope at the Complejo El Leoncito (Argentina) with a multianode microAstrono mico channel array (MAMA) detector system. Five high-quality nondetections are also reported. When judged against ephemeris positions for binaries with very well determined orbits, the separation residuals exhibit a root mean square deviation of mas and the position angle residuals exhibit rms deviation of 13.2~1 .9
INTRODUCTION
The Ðrst paper in this series (Horch et al. 1996 , hereafter Paper I) discussed the relative lack of speckle observations of binary stars taken in the southern hemisphere and our attempt to help alleviate this disparity with a speckle observing program based at El Leoncito, Argentina. This e †ort was a collaboration between the Yale Southern Observatory and the Universidad Nacional de San Juan, Argentina. Such observations are necessary to conÐrm the orbital motion of many southern doubles and to provide high-quality relative astrometry of known binaries in preparation for orbit determinations or orbit reÐnements. These orbits are thus the Ðrst step in determining masses.
The Yale-San Juan program was active from 1994 July until 1996 November and utilized two telescopes at the El Leoncito site : the 76 cm reÑector at the Carlos U. Cesco Observatory (run jointly by the Universidad Nacional de San Juan and Yale Southern Observatory) and the 2.15 m telescope at the Complejo El Leoncito Astrono mico (CASLEO, the Argentine National Observatory). This paper presents all measures obtained from data taken at the CASLEO telescope and not previously published in Paper I ; a forthcoming publication will address the data taken at the smaller aperture. show that the average seeing was well over 2A on a majority of our nights at the telescope during 1995. Many of these observations did not successfully reduce. However, during this time it was noticed that the temperature of the primary mirror was often several degrees above the ambient temperature, a situation known to adversely a †ect the seeing. In 1996, the observatory installed a cooling system for the primary, and thereafter we obtained much better average seeing conditions. As a result, our three 1996 runs were much more productive than the two 1995 runs. This is illustrated in Figure 1 , which shows a histogram of the seeing measures for all observations presented in this paper. Though the number of nights that we observed in 1995 and 1996 was comparable, about 3 times as many successful measures were obtained in the latter year. As the astrometric quality of speckle observations is known to deteriorate in seeing greater than 2A (see, e.g., Horch et al. 1997) , we rejected any observation having seeing worse than 2A .3 whether it successfully reduced or not, to ensure reasonable quality for our measures.
OBSERVATIONS AND DATA REDUCTION
As in Paper I, speckle interferograms were obtained with a multianode microchannel array (MAMA) detector system operating in time-tag mode. With only a few exceptions, the data presented here were taken in "" high-resolution ÏÏ mode (Kasle & Morgan 1991) , where the device e †ectively has 7 km square pixels. The MAMA detector had a bialkali photocathode with quantum efficiency of approximately 1% in the visible range. Trialkali (S-20) photocathodes have been more typically used in speckle cameras and exhibit detective quantum efficiencies of 5% to 10%. The low quantum efficiency of our camera is another factor that limits the quality of the data obtained, but that camera was the only device available for the project.
A full-aperture, four-slit mask was constructed for the telescope in order to measure the pixel scale precisely. Because of the relatively large size of the primary aperture, the mask consisted of an aluminum ring bolted to the same surface as the spider holding the secondary mirror. Sheet metal strips with 1 cm slits cut into them were then attached to the ring. Other sections of the mask were covered in black cloth to keep the weight as low as possible. With the mask attached, observations of bright unresolved stars were recorded. These exhibited a fringe pattern where the fringe spacing together with the spacing between the di †erent slits and the observation wavelength provide the necessary information to deduce the pixel scale. Although the wavelength passband used for these observations was small (40 nm), we nonetheless computed a correction to the e †ective wavelength based on the starÏs spectral type and the known shape of the Ðlter passband. Stellar spectra from Jacoby, Hunter, & Christian (1984) were used in this calculation.
With the MAMA detector, we have the ability to take time-tag observations of stars with the telescope tracking o †. These star trails give an estimate not only of the detector orientation relative to celestial north, but also of the pixel scale, since in time-tag mode the centroid position of the star can be measured as a function of time. When this measurement is compared with the diurnal rate of the star based on its declination, the pixel scale is obtained. The pixel format of the detector (1920 ] 448) helps to increase the precision of the star-trail method, since we aligned the detectorÏs long axis with right ascension. Table 1 contains Ðnal results for scale and orientation using both the slitmask method and the star-trail method.
Our speckle camera is known to exhibit a small amount of optical Ðeld angle distortion (OFAD) ; this was Ðrst detected after the camera was returned to the United States in 1997 (Horch et al. 1999) . In that work, the authors corrected position angles and separation of double stars based on the location of the observation relative to the optical axis. The presence of the OFAD implies that a star trail taken with the MAMA will appear to have a nonconstant velocity as the image crosses the detectorÏs active area. A trail will also appear to curve if it does not pass through the optical axis. For the star-trail data analyzed here, a correction factor was calculated based on the 1997 OFAD measurements and applied for both the detector orientation angle and the pixel scale. Likewise, the fringe spacing obtained with slit-mask observations will be a †ected by OFAD, and we have also calculated correction factors for these data. As is apparent from Table 1 , the agreement in scale between the two methods is very good. However, the star trails necessarily include data on the edges of the detector (where the OFAD correction is most signiÐcant), far from the optical axis, whereas the mask Ðles are taken in the portion of the detector used for most double-star observations, near the optical axis. We therefore consider the star-trail method to be more susceptible to systematic error propagated from the uncertainty in the determination of the OFAD constants. For this reason, we have adopted the slit-mask result for scale and, there being no alternative, the star-trail measure for the detector orientation, as shown in Table 1 . Observations of unresolved bright stars were obtained near in time and sky position to the double stars observed in order to have an estimate of the speckle transfer function for the double-star observations. These point-source calibrators, chosen from the Bright Star Catalogue (Hoffleit & Jaschek 1982) , were then used in the reduction phase to deconvolve the speckle transfer function from the binarystar power spectrum, as described in Paper I. Our basic reduction approach is fully described there ; brieÑy, it consists of a weighted least-squares Ðt to the binary spatial frequency power spectrum. Once instrumental position angles and separations are obtained from this reduction software, the scale and detector orientation angle numbers discussed above are used to convert these numbers to the Ðnal results discussed in the next section.
3. RESULTS Table 2 contains the main set of astrometric results from the CASLEO observations. The columns give (1) the Aitken Double Star (ADS) Catalogue number, or, if none, the Bright Star Catalogue (HR) number, or, if none, the Durchmusterung (BD, CP, or CD) number ; (2) the discoverer designation ; (3) the HD number ; (4) the Hipparcos Catalogue (ESA 1997) number ; (5) the right ascension and declination in J2000.0 coordinates, which is the same as the identiÐcation number in the Washington Double Star Catalog (WDS ; ) for all objects that have WDS entries ; (6) the observation date in fraction of the Besselian year ; (7) the observed position angle (h), in degrees, with north through east deÐning the positive sense of h ; (8) the observed separation (o) in arcseconds ; (9) the center wavelength of the Ðlter used to make the observation, in nanometers ; and (10) the full width at half-maximum of the Ðlter passband, also in nanometers. The position angles have not been corrected for precession and are appropriate a Quadrant ambiguous, but consistent with previous measures in the CHARA 3d Catalog (Hartkopf et al. 1997) . b Quadrant ambiguous, but inconsistent with previous measures in the CHARA 3d Catalog. c Quadrant unambiguous, but inconsistent with previous measures in the CHARA 3d Catalog.
Measures
for the epoch of observation shown. Position angles and separations are given without uncertainty estimates, but reasonable uncertainties may be obtained by combining the measurement precision given in the next subsection with the uncertainty in the scale and detector orientation given in Table 1 in quadrature using standard error formulas. Five objects in Table 2 were unresolved under excellent observing conditions. Four of these (HIP 328, 345, 349, and 389 ) are thought to be members of the open cluster Blanco 1 (Platais et al. 1998) . We conclude that, to the limit of our detection capabilities, these objects have no companions. The Ðfth nondetection is HIP 25327 (HD 35502) ; this is the brighter component of the wide double H 68 (WDS 05250[0249) and is known to be a chemically peculiar star (Leone, Catalano, & Malaroda 1997) . To the limit of our detection capabilities, we conclude that the irregularities present in the spectrum are not due to a companion.
Measurement Capability
In order to characterize the astrometric accuracy and precision of the measures in Table 2 , Ðve subsets of objects were studied in detail. These are (1) those objects for which a very high quality orbit, i.e., an orbit calculated with the inclusion of a substantial quantity of speckle data, already exists, referred to below as "" speckle orbit ÏÏ objects ; (2) those objects for which three or more measures appear in Table 2 ; (3) several objects listed in the catalog of Worley & Heintz (1983) ; (4) (Hartkopf, McAlister, & Mason 1997) .
The set of speckle orbit objects consists of 10 stars with 17 measures, for which the orbital information was taken from the series of speckle orbit papers by the group at the Center for High Angular Resolution Astronomy (CHARA), in particular Hartkopf, McAlister, & Franz (1989) , Hartkopf, Mason, & McAlister (1996) , W. I. Hartkopf (1998, private communication) , and Mason (1997) . These authors have published uncertainty estimates as well as the orbital elements of each system, and we have used these to compute the ephemeris positions and their uncertainties for the epochs of observation listed in Table 2 . In order to compare with the ephemeris positions, our measures were precessed to the J2000.0 equinox, though corrections in all cases were very small. Figure 2 shows the observed minus calculated residuals in separation (Fig. 2a) and position angle (Fig. 2b ). There appears to be no signiÐcant systematic o †set in the determination of the separation, but the average residual in position angle is approximately [1¡, a 1.1 p o †set. Table 3 shows both the average value and rms deviation obtained for both coordinates using objects from the sample, subject to the orbit quality criteria listed. The values have been computed for 1995 and 1996 observations separately, as well as for the entire data set. As the orbit criteria are very stringent, we may assume that the rms deviations are good estimates of the measurement precision of the telescopedetector combination. Note that the precision achieved during 1996 appears to be signiÐcantly better than that during 1995. Error bars for the average residuals in Table 3 are simply the rms deviations divided by (N [ 1)1@2, where N is the number of measures, while the uneven error bars for the rms deviations are derived from a s-squared analysis.
Six objects in Table 2 have three or more observations that were taken close together in time (often two on the same night). By studying the standard deviations of the separation and position angle values, further information regarding the accidental measurement errors can be obtained. Figure 3 shows the standard deviations in separation (Fig. 3a) and position angle (Fig. 3b) . Dashed lines are drawn in each plot indicating a random linear measurement error of 13.2 mas (equivalent to 0.76/o degrees in position angle) ; these show that the random errors are fully consistent with the measurement precision obtained in the speckle orbit study. Figure 4 shows the standard deviations in separation plotted (Fig. 4a) as a function of the total V magnitude of the system and (Fig. 4b) as a function of the magnitude di †erence of the system (as listed in the Hipparcos Catalogue ; ESA 1997). The error bars shown for the magnitude di †erences are 0.14 mag ; this is the mean Ðgure obtained by Mignard et al. (1995) for Hipparcos data.
A survey of the speckle literature shows that measurement precision is related to the aperture size of the telescope used. For example, Hartkopf et al. (1989) obtained mean rms errors of 3.5 mas when comparing their observations taken at 4 mÈclass telescopes with well-determined orbit predictions, while the US Naval Observatory results at the 66 cm refractor have typically yielded rms errors of 14 to 18 mas . These groups used similar instrumentation and reduction techniques. One would therefore expect results from a 2 mÈclass telescope such as CASLEO to lie between these two extremes, though the results presented here are much closer to the small-aperture case. A potential limitation of measurement precision is that the lens system in the speckle camera exhibits other aberrations, in addition to OFAD, that limit the overall optical performance. This issue is currently under investigation. It is also possible that there is some degradation of the di †raction-limited pointspread function due to the telescope optics. However, we believe that at least a large part of our precision limitation may be explained by the combination of the average seeing conditions during our observing runs and the low quantum efficiency of the MAMA detector used. A similar loss of precision was seen during inferior observing conditions when the system was used at the Wisconsin-Indiana-Yale- NOAO (WIYN) 3.5 m telescope during 1997 (Horch et al. 1999) , whereas under good observing conditions, the system gave results comparable to those of Hartkopf et al. (1989) .
Many of the objects appearing in Table 2 have orbit determinations listed in the catalog of Worley & Heintz (1983) , and while the quality of these orbits is in general not high enough to draw meaningful conclusions about the precision of the measures presented here, they can be used to examine the possibility of systematic o †sets in the position angle and separation measures at larger separations than is possible with the speckle orbit objects (which all have separations smaller than D1A). Six such objects are shown in Figure 5 , spanning a wide range of separations. The plots indicate that, where there are systematic o †sets between the visual orbit and the speckle observations of other observers, our measures are in good agreement with the other speckle data points.
Because of the relatively poor seeing for many of the observations presented here, the issue of measurement accuracy at large separation is of special concern. For largeseparation systems observed in poor seeing, the secondary may begin to fall outside the isoplanatic patch, so that the speckle patterns generated by the primary and the secondary will not be identical, leading to lower signal-to-noise ratio in the autocorrelation and power spectra obtained. This in turn will a †ect the ability to measure the separations and position angles accurately. In order to characterize the situation more fully, we Ðrst examined stars that have exhibited little or no motion over a decades-long history of observation in the WDS. A second group of wider doubles that have contemporaneous observations (meaning within 2 yr of our observation) by other speckle observers was also examined. Table 4 contains the results of these two studies. The most signiÐcant average o †set is in the position angle of the contemporaneous pairs, a 2.3 p result. Nonetheless, the very slow moving pairs, which span a similar separation range, exhibit no signiÐcant o †set in position angle. We conclude that, taking the results of all the studies presented in this section together, the o †sets obtained here represent small-sample statistics and that overall there is no strong indication of signiÐcant systematic o †sets in the astrometry over the complete range of separation represented by the objects in Table 2 . The rms residuals in Table 4 are, however, substantially larger than for the speckle orbit study. While some of this increase may be attributable to the relative motion of the components, it is likely that our speckle measurement precision does deteriorate for larger separations.
A Ðnal issue of importance for the Ðve nondetections listed in Table 2 is the detection capability of the telescopedetector combination. Figure 6 shows a plot of magnitude di †erence versus total system magnitude for all double stars in Table 2 . Both the total V magnitudes and the magnitude di †erences were taken from the Hipparcos Catalogue (except for the Ðve stars in Table 2 that are not listed in the Hipparcos Catalogue, in which case the values were taken from the WDS), and our measured separation is encoded in the shade of the plot symbol, with larger separations shown as lighter shades. This plot indicates that, for separations smaller than 1A, magnitude di †erences of up to 2 can be Worley & Heintz (1983) . In all plots, squares indicate speckle observations by other observers, circles represent measures listed in Table 2 , the cross indicates the origin, and line segments are drawn from the ephemeris positions on the orbit to the data points. North is up and east is to the left in all cases. (a) I 65 \ WDS 06573[3530 ; the grade 1 orbit drawn is that of Finsen (1963) . (b) JC 8 AB \ WDS 03124[4425 ; the grade 2 orbit is that of Heintz (1979) . (c) HJ 5084 \ WDS 19064[3704 ; the grade 2 orbit is that of Heintz (1963) . (d) Bu 738 \ WDS 02232[2952 ; the grade 4 orbit is that of Finsen (1969) . ( Table 2 (except nondetections). The shade inside the plot symbol is an indication of the separation of the system ; white is used for systems with separations greater than 1A and as the separation decreases below 1A, the shade darkens. Black represents a system at the di †raction limit of the telescope.
reliably detected and measured. For larger separation systems, fainter companions can be measured, up to 3È3.5 mag fainter than the primary.
CONCLUSIONS
We have presented a total of 203 speckle observations of double stars and other targets as a part of the Yale-San Juan speckle interferometry program. These measures were obtained at the 2.15 m CASLEO telescope at El Leoncito, Argentina using a MAMA detector system operating in time-tag mode. The measures of binary stars with very well known orbits exhibited residuals consistent with a linear measurement error of mas, a Ðgure that is higher 13.2~1 .9 3.4 than expected for this size aperture. We believe that the measurement precision is reduced by factors such as average seeing conditions at the site and low quantum efficiency of the detector. Four members of the open cluster Blanco 1 were unresolved during excellent observing conditions, and the chemically peculiar star HD 35502 was likewise unresolved.
